Abstract Event-based runoff coefficients can provide information on watershed response. They are useful for catchment comparison to understand how different landscapes "filter" rainfall into eventbased runoff and to explain the observed differences with catchment characteristics and related runoff mechanisms. However, the big drawback of this important parameter is the lack of a standard hydrograph separation method preceding its calculation. Event-based runoff coefficients determined with four well-established separation methods, as well as a newly developed separation method, are compared and are shown to differ considerably. This signifies that runoff coefficients reported in the literature often convey less information than required to allow for catchment classification. The new separation technique (constant-k method) is based on the theory of linear storage. Its advantages are that it is theoretically based in determining the end point of an event and that it can also be applied to events with multiple peaks. Furthermore, it is shown that event-based runoff coefficients in combination with simple statistical models improve our understanding of rainfall-runoff response of catchments with sparse data. 
INTRODUCTION
Worldwide, only a few catchments have been studied intensively concerning hydrological processes and mechanisms (e.g. van Lanen & Dijksma, 1999; McGlynn et al., 2002; Uhlenbrook et al., 2002; McGuire et al., 2005; Tromp-van Meerveld & McDonnell, 2006) . However, many catchments where this knowledge would be crucial for either risk assessment, water management or the assessment of the consequences of land-use change are lacking extensive data sets, making predictions highly uncertain. This is especially the case in developing countries. The PUB (Predictions in Ungauged Basins) initiative, launched by the IAHS in 2003, has targeted this problem (Sivapalan et al., 2003 (Sivapalan et al., , 2005 (Sivapalan et al., , 2006 Bonell et al., 2006) . The aims of the PUB initiative are to improve and develop models for catchments with few or no data, so that predictive uncertainty is reduced. Such models have to be based on understanding the hydrological functioning of different landscapes in different climates, rather than on calibration. Basin inter-comparison and maximization of the scientific value of available data sets, in addition to targeted field campaigns, are thus important aspects of this endeavour.
Measuring rainfall and discharge for short time spans is relatively simple and inexpensive. But how much information can we gain about the system just by studying rainfall and runoff data from a series of rainfall events? If time series of a length of at least one year exist, it is possible to get a rough estimate of the annual water budget in most hydro-climatic regions. One can then calculate yearly runoff coefficients, describing either the water budget (using total flow) or the general reaction of the catchment to rainfall (using event flow), depending on the method used. It is also possible to get a first impression of the relevant processes by extracting different parameters describing the hydrograph and its relationship to input rainfall (e.g. peak flow rates, lag times, response times). The calculation of runoff coefficients for single events (event-based runoff coefficients) adds additional information on watershed response. Of special interest are changes from event to event, or from season to season, which can give a first idea of the hydrological functioning of the catchment under different conditions/in different seasons. Depending on the method employed, these runoff coefficients are determined using total flow or direct/event flow. Runoff coefficients are useful for comparison with other catchments in order to understand how different landscapes "transform" rainfall into event-based runoff. The next step is then the attempt to explain the observed differences by catchment characteristics and related runoff mechanisms. Comparison of these runoff coefficients with coefficients determined for well understood catchments can also give additional insights. Often the calculation of runoff coefficients is preceded by the separation of the event hydrograph into the two components baseflow and direct/event flow. Runoff coefficients are determined and reported based on a variety of separation techniques. Among these separation methods, tracer-based methods (Hoeg et al., 2000; Ladouche et al., 2001) probably yield the most realistic results; however, they are laborious and expensive and thus restricted to a small number of events and catchments. The number of events is thus likely to be too small for statistical analysis. With other techniques, such as graphical methods and digital filters, one is faced with the difficulties of determining the end point of event flow and the interpolation of the baseflow hydrograph during the event.
The present study is part of a research project investigating the hydrological functioning of a small catchment in the foothills of the Chilean Andes. The region is characterized by very high rainfall amounts and highly porous young volcanic-ash soils, and is little investigated with respect to hydrological processes. In the long term, this study has the potential to contribute to a database for basin inter-comparison.
In this study, we originally intended to determine event runoff coefficients for the investigation of rainfall-runoff response as well as for comparison with other catchments and other climates. However, we were confronted with the ambiguity of the terminology on the one hand, and the multitude of methods that can be used to determine runoff coefficients on the other.
The objectives of the present study are therefore threefold: first to propose a robust hydrograph separation technique. This method should (a) allow for the objective and possibly automated determination of the end point of event flow, (b) be able to treat events with multiple peaks, and (c) be, as much as possible, based on a sound hydrological concept, i.e. the theory of linear storage (often used for simulating baseflow in conceptual hydrological models). The second objective is to show how different methods of hydrograph separation do indeed produce differing event runoff coefficients. And thirdly, we want to demonstrate how event-based runoff coefficients, in combination with simple statistical models, can help us to understand rainfall-runoff response in this region, even after a relatively short observation period of only 15 months.
THEORY AND DEFINITIONS

Runoff coefficients
The runoff coefficient is a widely used and often reported parameter describing basin response, on either an annual or an event basis. Annual runoff coefficients can either be total runoff over total precipitation (percentage of precipitation that is not lost to evapotranspiration, assuming storage as negligible on an annual basis and groundwater outflow out of the catchment as non-existent) (Savenije, 1996; McNamara et al., 1998) , or total quick flow over total precipitation (percentage of fast response) (Hewlett & Hibbert, 1967; Woodruff & Hewlett, 1970; van Dijk et al., 2005) . However, the terminology is not consistent throughout the scientific literature. In the study by Hewlett & Hibbert (1967) , the parameter is called response factor, while in Woodruff & Hewlett (1970) it is called hydrologic response, in McNamara et al. (1998) runoff ratio, and Savenije (1996) and van Dijk et al. (2005) call it annual runoff coefficient.
Event-based runoff coefficients are determined using either the ratio of total flow over total rainfall (Burch et al., 1987; Iroumé et al., 2005) , or, after hydrograph separation, the ratio of event-flow volume over total rainfall, i.e. the percentage of the rainfall amount that appears as runoff during, or directly following, a rainfall event (McNamara et al., 1997 (McNamara et al., , 1998 Sidle et al., 2000; Bowden et al., 2001; Schellekens et al., 2004) . Using total flow in the numerator will generally result in higher runoff coefficients, especially during high baseflow conditions. Other terms used in the scientific literature for the same parameter are water yield (Sidle et al., 2000) , response factor (Hewlett & Hibbert, 1967) , or NWCP, which stands for "New Water Contributing Portion of a watershed" (McNamara et al., 1997) . In another study, the ratio of total runoff to precipitation was called conversion efficiency (Burch et al., 1987) . As can be seen from the compilation above, many different names exist for the same parameter. This is likely to cause confusion and make inter-comparison of different studies difficult. However, to increase this confusion, the term "runoff coefficient", apart from referring to either total flow or quick flow as a fraction of precipitation, often also describes different parameters. In one study, ratios termed runoff coefficients were reported where the denominator contained throughfall instead of total precipitation (Brown et al., 1999) . Values for runoff coefficients depending on soil and land use have also been tabulated for the rational method, a simple rainfallrunoff model claiming that peak discharge is proportional to rainfall intensity for a given catchment (equation (1)). These values are loosely defined as ratio of runoff to rainfall (Pilgrim & Cordery, 1992) . However, when looking at the rational method formula (equation (1)), it becomes clear that C is equal to the ratio of specific peak runoff (mm h -1 ) to rainfall intensity (mm h -1 ), as the catchment area A (km 2 ) and the conversion factor F simply convert discharge (m 3 s -1 ) to specific discharge (mm h -1 ). In this case, no hydrograph separation precedes the calculation:
where Q P is peak discharge (m 3 s -1 ), C is a runoff coefficient, and i is rainfall intensity (mm h -1 ). In the study presented here, event-based runoff coefficients are determined as the ratio of event flow over total precipitation. Using event flow instead of total flow allows us to investigate rainfall-runoff response for a single event, while using total flow would combine the response of the single event with the pre-event flow conditions, be it high flow in the wet season or low flow during summer.
The current state of inconsistency in both terminology as well as methodology is summarized in Fig. 1 . The first part of this figure summarizes the fact that, generally, event-based runoff coefficients are determined using either: (a) total flow, or (b) event flow as a fraction of total precipitation. In case (b), the necessary prior determination of the event flow by hydrograph separation additionally increases the ambiguity of this term, as different methods of hydrograph separation result in different values of event flow. The confusion stemming from the many different methods of baseflow separation has been the target of criticism before. Dunne (1978) compiled runoff coefficients for a number of plot and catchment studies, for overland flow dominated systems, as well as for subsurface stormflow dominated systems and systems where both mechanisms are important. In his chapter on variable-source hydrographs he 
Hydrograph separation
In order to determine runoff coefficients for specific events, we separated event flow from baseflow. As in the case of the term "runoff coefficient", the term "baseflow" is an ambiguous term. Baseflow can be defined as groundwater exfiltration from shallow aquifers (Wittenberg, 2003) , which is higher in dynamics and variation than "the slow flow components considered as baseflow in traditional flood hydrology" (Wittenberg, 2003) . While in the former case, direct or event flow consists only of the rainwater of the particular event (Wittenberg, 2003) , in the latter case, event flow also contains fast subsurface reactions and, therefore, is a mixture of "old" and "new" water. Chapman (1999) differentiates between the engineering approach to baseflow as "underlying dry weather runoff" as a result of groundwater discharge, the systems analysis "slow flow", and the scientific hydrologists' "old flow", which is based on tracer analysis. Peters & van Lanen (2005) also mention two different definitions.
In this study, we use the definition of Dingman (2002) and the terms "event flow", to denote flow that can be associated with a specific event, and "baseflow", to denote flow that cannot be associated with a specific event, i.e. corresponding to the "base line" of flow. Event flow in this case does not have to originate directly from the rainfall input of this specific event, but is more likely a mixture of components (surface runoff, interflow, fast groundwater response), which appear as runoff, being a direct reaction to rainfall input during the storm event.
As mentioned before, several separation methods are currently in use: (a) graphical methods (as described in Dingman, 2002 , or other hydrological textbooks, and used in many studies such as, for example, Hewlett & Hibbert, 1967; Anderson & Burt, 1980; Bates & Davies, 1988; McNamara et al., 1997; Szilagyi, 1999; Sidle et al., 2000; Sujono et al., 2004; Guillemette et al., 2005) ; (b) algorithms/digital filters (Arnold & Allen, 1999; Chapman, 1999; Wittenberg, 1999; Furey & Gupta, 2001; Wittenberg, 2003; Sujono et al., 2004; Eckhart, 2005) ; and (c) analytical solutions to baseflow recession (Szilagyi & Parlange, 1998) .
All these methods are subject to two major difficulties: (i) identifying the point in time when event flow ends and streamflow consists entirely of baseflow, and (ii) the progression or interpolation of the baseflow hydrograph during the storm event.
Most hydrograph separations (apart from tracer-based separations) lack a physical basis. Furey & Gupta (2001) state: "Only few graphical and filter approaches have been given a physical basis and only during streamflow recession." Therefore, choosing one method or the other introduces an undesirable element of uncertainty and randomness into the analysis and comparison of runoff coefficients.
In the present study, we do not focus on the time intensive and expensive separation of event hydrographs by natural tracers such as environmental isotopes and geochemical constituents (Bazemore et al., 1994; Rice & Hornberger, 1998; Hoeg et al., 2000; Ladouche et al., 2001; McGlynn et al., 2002) , despite the fact that this is probably the only method to determine runoff components realistically. Instead, we focus on the methods summarized under (a) above, which are most likely to be applied by researchers involved in catchment studies for whom hydrograph separation is not the target of the investigation but solely a means to determine runoff coefficients as a parameter descriptive of the respective catchment.
The recession curve
Two extensive reviews on baseflow recession analysis have been carried out: the first by Hall (1968) , on which Appleby (1970) commented, and the second by Tallaksen (1995) . Dewandel et al. (2003) also give a brief overview of methods used for hydrograph analysis.
One of the difficult points of baseflow separation is determining the end of storm runoff: at what point on the declining limb of the hydrograph (on the recession curve) does quickflow end and baseflow start to dominate? Is it possible to determine this point just by analysing the recession curve? The shape of the recession curve is influenced by the hydrodynamic properties of the aquifer, geological and geomorphological characteristics, climate and also the characteristics of the soil horizons (e.g. thickness, saturation) (Tallaksen, 1995; Dewandel et al., 2003) . Tallaksen (1995) Boussinesq presented the basic nonlinear differential equation governing transient flow from an unconfined aquifer to a stream in 1877 (Hall, 1968) . The linearized version of this equation, assuming that vertical flow components and capillary effects above the water table are negligible, is also called the Dupuit-Boussinesq equation (sometimes also the Maillet equation) and takes the following form:
where Q(t) is discharge at time t (m 3 s -1 ), Q 0 is discharge at start of recession (m 3 s -1 ), and k is the recession coefficient (L s -1 ). Boussinesq also introduced a nonlinear solution in 1904, but the overall more convenient mathematical properties of the exponential equation result in a much more widespread use of equation (2) for the description of baseflow recessions (Dewandel et al., 2003) .
METHODS
Baseflow separation and runoff coefficients
Runoff coefficients were determined by:
Three widely-used graphical separation techniques (e.g. Dingman, 2002) , as well as the simple "straight line" separation and a newly developed method, were used to determine event runoff. The graphical separation methods, the "straight line" separation and the new method are shown in Fig. 2 . 1. For the first method (RC), the recession prior to the event is continued under the peak and then connected to a point on the hydrograph N days after time of peak with N = 0.827 × A 0.2 and A as the drainage area in km 2 (Dingman, 2002) . 2. For the second method (SLog) the hydrograph is plotted semi-logarithmically, a straight line is fitted to the end of the recession curve, transferred back to the arithmetic plot and then used to project the recession backwards under the peak. This point is then connected with the starting point of the rising limb (Dingman, 2002 × A (km 2 ) per hour, connecting the first point of rise with the point at which it intersects the recession curve (Dingman, 2002) . 4. The straight line method (SL) simply connects the point at which discharge first increases with the point on the recession curve of equal discharge. 5. The newly developed method (CK) is described in the following section.
New method of baseflow separation: the constant-k method
The graphical separation methods described above lack physical basis in interpolating the baseflow hydrograph, as well as in determining the end of event runoff. The semilogarithmic method (SLog) has a physical basis for the end point determination, but at the same time introduces a certain degree of subjectivity. Our newly developed method is theoretically based and objective in the determination of the end point, but nonphysically based in the interpolation of the baseflow hydrograph.
Based on the assumption that the groundwater/baseflow storage is linear, the baseflow recession curve is expected to decline exponentially. In determining the recession coefficient, k, of the exponential function in equation (2) for all points on the hydrograph, it is possible to identify the point in time, t e , after which k is approximately constant. Therefore, t e is defined as the end of event runoff and k (min -1 ) is calculated for each point by differentiating equation (2):
and then dividing by Q(t):
In the case where Q approaches zero in low flow conditions, k becomes highly sensitive to very small changes in Q. To decrease this sensitivity of k with respect to the baseline of Q, all events are standardized with respect to pre-event Q and thus their baseline. This modified baseline is chosen to be the annual mean discharge (0.4 m 3 s -1 in this study). However, using equation (5) with this modified time series of discharge results not in the calculation of k (the real recession coefficient), but that of k* (the stabilized recession coefficient). This modification is viable, as the exact value of k is not of interest here, but rather its progression over time. The hydrograph for one event as well as values for k* and the 2-hour moving average of k* are shown in Fig. 3 . In the next step, the gradient of a regression line of k* is determined for each data point over the period of the following five hours. The end point of event flow, t e , is defined as the point where the gradient of k* becomes approximately zero (± 10 -7 min -2 ), i.e. the point where k* becomes constant (Fig. 4) . It was not possible to choose the exact value zero for this criterion, as k* tends to oscillate slightly, even at late times. The cut-off value of 10 -7 min -2 is generally two to three orders of magnitude smaller than maximum gradients.
The interpolation of the baseflow hydrograph between the beginning of the event and the determined end point of event flow is arbitrary and unlikely to come close to reality (tracer-based hydrograph separations often result in hydrographs of pre-event water which are similar in shape to the storm hydrograph). However, as reproducing the "real" baseflow (or pre-event water) hydrograph is impossible, a simple, objective method of interpolation seems appropriate. Therefore, the simplest method-the straight line, assuming constant baseflow with the rate of the pre-event discharge-is used. The resulting separation (CK) in comparison to the other graphical separation methods is shown in Fig. 2 . 
Linear statistical model
To investigate runoff processes without further field campaigns and detailed modelling, interrelationships between event runoff coefficients and various parameters describing input rainfall and hydrograph characteristics were analysed. This can be done either by correlation matrices (McNamara et al., 1998) , or by statistical models such as Hewlett et al. (1977 Hewlett et al. ( , 1984 used for predicting storm flows. Linear statistical models in our study were determined with the logit-transformed C R (equation (6)) being the response variable and various parameters describing the input rainfall or hydrograph characteristics as possible predictor variables. The logit transformation of C R is necessary as the values of C R are bounded between 0 and 1, while the transformed values lie between -∞ and ∞. Without this transformation, a linear statistical model might predict nonsensical event runoff coefficients smaller than 0 or larger than 1. The logittranformation is described by the following equation:
Possible predictor variables were total precipitation, pre-event discharge, amount of precipitation during the first two hours of the event, maximum hourly rainfall intensity, average hourly rainfall intensity, duration of rainfall, response lag, lag times between rainfall and runoff centroids as well as end points. According to the significance of predictor variables and the model's goodness of fit described by R 2 , the best model was chosen and its performance judged by "jack-knifing". Jack-knifing allows one to refit the model while, in turn, dropping one input value after the other. The result of this procedure is n models (n being the size of the sample used to build the model). Each of these models can then be used to predict the single value left out during the model calibration. It is thus possible to validate a model without the need for additional data. Model performance was then determined by its Nash-Sutcliffe efficiency:
(where C R obs are observed runoff coefficients, C R mod are modelled runoff coefficients, and obs R C is the mean observed runoff coefficient), as well as by its mean absolute error (MAE) and its mean absolute error (in percent) (MAEP):
Research area
The research area is situated in the Reserva Forestal Malalcahuello, in the Precordillera of the Andes IX Region (Región de la Araucanía), southern Chile. The catchment of the Tres Arroyos is located on the southern slope of Volcán Lonquimay (38°25.5′-38°27′S; 71°32.5′-71°35′E). The catchment covers an area of 5.93 km 2 . Elevations range from 1080 to 1856 m a.s.l., with average slopes of 40% (Fig. 5) . 80% of the catchment is covered with forest of the type Araucaria and Roble-Raulí-Coigue (native forest, without anthropogenic intervention). The soils are young, little developed volcanic-ash soils with corresponding high porosities and high hydraulic conductivities (Iroumé, 2003) . No information on the hydrogeology of this catchment is available. Annual rainfall amounts range from 2000 to over 3000 mm. Snowfall is likely in the upper parts of the catchment from June to November.
Starting in 2004, rainfall was measured with four tipping bucket raingauges (three near the upper catchment boundary at approx. 1700-1800 m, and one in the valley at 1080 m a.s.l.) with a resolution of 0.27 mm. As it was not possible to establish a clear correlation between rainfall amounts and elevation, areal precipitation was calculated with Thiessen polygons. Also starting in 2004, water levels at the stream gauging station (natural cross-section) were measured with capacitance water level sensors (Trutrack WT-HR) and a time resolution of 3-10 min. Water levels were converted to discharge with the help of a rating curve which was determined with current meter measurements and the velocity-area method (Dingman, 2002) .
This catchment is considered data scarce, as high temporal resolution streamflow and higher spatial resolution rainfall data only exist since January 2004. (Hourly data from a water level sensor and a climate station were collected from 1999.) For this study, a time series of 15 months length was used: January 2004-March 2005.
RESULTS
Baseflow separation
The new method of baseflow separation was applied to 19 events during the period [2004] [2005] . This corresponds to 80% of the events which occurred during the snowfree period. The advantages of this new method over the semi-logarithmic method are that it is more objective in identifying the end point of event runoff, and it also works for events with multiple peaks. Figures 3 and 4 show that the recession coefficient, k*, is not constant until very late. Most of the recession in this catchment is thus nonlinear. The separation of four of the events using the five methods described above is shown in Fig. 6 . It can be seen that the end points, as well as the amount of separated event flow, differ greatly from method to method. Figure 6 also shows that end points defined by the different methods do not follow the same succession for each event. Figure 6(c) illustrates the problem arising from multiple peaks when using the SLog separation method. In this case, event flow above the separation line was summarized, neglecting the apparently "negative" event flow where the separation line exceeds measured flow. However, with certain events (16 February and 1 March), separation with this method was impossible as practically all flow was declared as baseflow.
Runoff coefficients
Runoff coefficients based on the five different separation methods for the 19 events are listed in Table 1 , together with the corresponding total areal precipitation in mm. Overall, runoff coefficients are surprisingly low, less than 3% for most events and only 20% for an event with a total precipitation of 280 mm (11-14 April). It can also be seen that, while the absolute values of the small runoff coefficients determined with the different methods seem to be quite similar, values for the bigger events can vary from 11 to 22% or 4 to 22%. Runoff coefficients standardized by the runoff coefficient determined with the straight line method (SL) are plotted in Fig. 7 . The SL values were chosen as reference as this method is: (a) the simplest of all, and (b) results in the longest periods of baseflow as its end point is always the latest of all methods. While most of the smallest fractions are produced by the SLog method (down to 20%), values of more than 100% are often produced by the method where prior recession is continued under the peak (RC method). Furthermore, it is impossible to identify a systematic ranking or interdependence of the different hydrograph separation methods.
Linear statistical model
It was attempted to construct a linear statistical model predicting runoff coefficients from the parameters shown in Table 2 . Runoff coefficients were determined with the CK method. The input data originate from 19 events during the period January 2004-March 2005, two of which were later excluded: the event of 7 April 2004, because the : runoff coefficient; P tot : total precipitation; Q Ev : event runoff; QpE: pre-event runoff; PInt Max : maximum hourly rainfall intensity measured at a station; PInt Av : average hourly areal precipitation; PDur: rainfall duration; Resp.Lag: response lag; Cent.Lag: centroid lag; LagCP: lag time between centroid rainfall to peak discharge; EndLag: lag between end of rainfall and end of event runoff.
end point was not clearly identifiable due to additional rainfall during the recession, and that of 11 April 2004, because it was the only extreme event with more than 280 mm of precipitation and thus was identified as an outlier (it would be disproportionately influential in the statistical model). Events from mid-May to the end of November were not included as snowfall is likely to occur during these months. The event of 1 May probably included some snow (10-15 mm) in the upper part of the catchment, most of which apparently melted a few hours later. However, the event was not excluded as the snowfall was assumed to have little effect on the hydrograph due to the large amount of overall areal precipitation (85 mm total) during this event. A model with P tot (total areal precipitation in mm), QpE (pre-event runoff in m 3 s -1
) and PInt Max (maximum hourly rainfall intensity at a station in mm h -1 ) as predictor variables proved to be the best choice, and results in the following equation, where C R trans is the logit-transformed runoff coefficient (see equation (6)) 
The squared Pearson correlation coefficient, R
2
, of the calibrated model is 0.94. However, squared Pearson correlation coefficients are not sensitive to constant additive or proportional differences and thus can be misleading (feigning a better fit than is actually achieved by the model). Examining mean values and standard deviations for the observed and modelled data, as well as Nash-Sutcliffe efficiencies (equation (7)), provides a better measure of model performance. Mean values of observed and modelled dimensionless runoff coefficients are 0.034 and 0.033 and standard deviations 0.024 and 0.022, respectively (difference is not significant, MannWhitney U test p = 0.579). The Nash-Sutcliffe efficiency (NS) of the calibrated model is 0.93. The small differences in means and standard deviations as well as the high NS suggest that model calibration was successful.
The total amount of areal precipitation as well as pre-event discharge is driving catchment runoff response. A model including only these two parameters results in a Nash-Sutcliffe efficiency of 0.90. Including the maximum hourly rainfall intensity measured at the rainfall gauges (equation (10)) further improves model performance (NS = 0.93). Surprisingly, this predictor variable has a negative coefficient (it seems more intuitive to assume higher runoff coefficients with increasing rainfall intensity). Maximum station rainfall seems thus to be a proxy for certain rainfall characteristics not captured otherwise in our list of possible predictor variables.
In order to investigate the model robustness and its ability for prediction, a jackknifing routine was carried out. This method was preferred over a split-sample approach because of the small sample size. Each of the resulting n models was used to predict the value left out during its calibration. These predicted values were compared to the "observed" C R and the values returned by the calibrated model in Fig. 8 . "Observed" in this case means calculated from measured data. The Nash-Sutcliffe efficiency of the jack-knifed model is 0.87. The mean absolute error (%) (MAEP, equation (9)) and the mean absolute error (MAE, equation (8)) are 16% and 0.0048 for the dimensionless runoff coefficients of the calibrated model and 21% and 0.0065 for the validated model (jack-knifed data), respectively. Observed vs modelled values of C R are plotted in Fig. 9 . Perfect fit would fall on the diagonal line. The results are surprisingly good, given the simplicity of the model and the limited number of data points.
DISCUSSION AND CONCLUSIONS
Even though the comparison of runoff coefficients of different catchments is a rather simple and standard approach to assess the differences in rainfall-runoff responses, doing so proves to be difficult due to inconsistencies in both terminology and methodology. The determination of event runoff coefficients is often preceded by hydrograph separation, in order to separate the event response from "background flow". In this study, four different graphical separation methods were compared with a newly developed method.
The recession coefficient k for the events studied in the Malalcahuello catchment is not constant until very late. Nevertheless, as it indeed becomes a constant at late times, one can consider late-time recession as outflow from a linear storage, a common conceptualization used in many meso-scale hydrological models (Zhao, 1992; Bergström, 1995; Leavesley & Stannard, 1995; Lohmann et al., 1998) . It also seems a viable interpretation of the data to define the point where k becomes constant (t e ) as the point where event flow ends and baseflow takes over. Our newly developed method has three main advantages over the other methods used in this study: it is at least partly theoretically based, it does not suffer from a subjective determination of the end point of event flow, as for example the SLog method, and it can also be used with multiple peak events. Furthermore, it does not claim to offer information on the development of baseflow between the beginning and end of event flow. The routine could easily be automated, allowing for faster data processing in the case of larger data sets.
Runoff coefficients obtained with the five different methods differ considerably. The relative difference of runoff coefficients determined with different separation methods depends mainly on hydrograph shape. Acknowledging the big variety of separation methods in use, the appropriateness of intercomparison of runoff coefficients seems doubtful, as they are likely to be determined with different methods.
Overall, the event-based runoff coefficients determined for the Malalcahuello catchment are very low (a third of the events has C R < 2%), which is probably due to the extremely high porosities of volcanic ash soil, interception (~80% of the catchment is covered with forest), and the lack of anthropogenic influences such as soil compaction.
The linear statistical model developed here shows that simple interrelationships can be used to predict runoff coefficients with surprisingly good results. However, the model should not be used outside of the range of precipitation and discharge it was calibrated for, i.e. for extrapolation. The predictor variables rendering the best model performance improve our understanding of the catchment and its reaction to rainfall. Total precipitation and pre-event discharge are the most important parameters in our study. Runoff coefficients increase with total precipitation. The more rainfall, the higher the fraction of event flow during the event. This does not necessarily mean that it is the precipitation water itself which is being routed to the stream, as would be the case during overland flow. Possible reasons could be rising groundwater tables, groundwater mounding (increasing hydraulic gradients), pipe flow, and also saturation overland flow. However, due to the extremely high porosities as well as hydraulic conductivities of the volcanic ash soil, overland flow is not likely and has so far not been observed in this catchment. The positive correlation of pre-event discharge indicates that this parameter seems to be a good indicator of catchment state prior to rainfall. The pre-event discharge could be describing groundwater and soil water storage and associated momentarily active runoff processes. Hewlett et al. (1977 Hewlett et al. ( , 1984 did not find that rainfall intensity had an effect on storm runoff, while our linear statistical model for runoff coefficients showed that it was possible to improve model performance by adding the PInt Max parameter. However, as mentioned before, the estimated coefficient for this parameter is negative. Maximum station rainfall therefore seems to serve as proxy for one or several rainfall characteristics.
The objective and consistent determination of runoff coefficients might be even more important in data-scarce catchments than elsewhere, as rainfall and runoff are generally the first parameters to be measured in previously ungauged catchments. Having collected data for a few events, the natural question to ask is: "How does the catchment respond to rainfall?" Event-based runoff coefficients are thus one of the first parameters to be extracted from these short time series and thus contain the first information on rainfall-runoff response of a data-scarce catchment. The method of employing a linear statistical model for runoff coefficients to infer runoff processes and thus using the model as an additional catchment descriptor is useful in data-scarce catchments. However, at least several months of higher-resolution discharge and precipitation data are needed in order to accumulate a sufficient number of rainfall events. The more additional data (e.g. on soil physics, hydrogeology or soft data such as observations of local residents) are gathered on targeted field campaigns, the better the results of the statistical analysis (i.e. the statistical model) can be interpreted.
However, event-based runoff coefficients cannot be compared if their determination is based on different methods of hydrograph separation. Furthermore, it is impossible to identify a systematic ranking or interdependence of the runoff coefficients determined with different hydrograph separation methods. Thus, we are not dealing with a simple bias that could be corrected for retrospectively. Overall, it must be emphasized that a standard procedure of baseflow separation and determination of runoff coefficients would considerably improve the possibilities of catchment intercomparison with respect to their rainfall response. A standard procedure should be objective and allow for rapid and easily automated separation and it should also be applicable to events with multiple peaks. Event-based runoff coefficients based on a standard procedure might allow for classification of catchments with respect to runoff response and for inference of runoff processes. This is an important point within the PUB initiative, as catchment classification can help in the selection of appropriate models for predictions in ungauged catchments (Bonell et al., 2006) . In the common case of data-scarce catchments this possibility of catchment intercomparison (also with data-rich catchments) will improve our understanding of runoff generation in the catchment at hand, as well as our understanding of hydrological similarity as a function of both the rainfall conditions and the bio-physiographic setting of the landscape, such as morphology, soils and vegetation cover.
